Abstract Groundwaters of known age contained in major aquifer systems in the African sedimentary basins enable low-resolution (±1000 year) characteristics of past climates to be determined, specifically palaeotemperature, air mass origins, humid/arid transitions and rainfall intensity. Results from both northern and southern Africa indicate the predominance of a westerly Atlantic air flow during the Late Pleistocene. Greater aridity during the Last Glacial Maximum (LGM) is recorded over most of northern Africa by the absence of dated groundwaters. An intensification of the African monsoon during the Early Holocene is apparent from isotopically light groundwaters found, in particular, over Sudan. Maximum cooling around the LGM of 5-7°C is recorded in the noble gas recharge temperatures from Africa. Modern recharge can be readily identified from the chemical and isotopic signatures (Cl, δ 18 O and 3 H) in the unsaturated zone and in shallow groundwaters. The results indicate the non-renewability of many groundwater sources now being exploited across the arid and semi-arid regions of Africa. Extreme events in the past, noted from the groundwater record, may have lessons and implications for adapting to future climate change. Small but finite amounts of renewable groundwater may be estimated using chloride mass balance and other tracer techniques. These renewable waters form the basis of sustainable development in areas such as the Sahel. Based on the field evidence of water scarcity, new approaches are needed in management and education to adapt to the current limited resources in the face of changing climates. 
INTRODUCTION
The semi-arid and arid regions of Africa contain some of the largest freshwater reserves in the world, yet these are located in aquifers in remote areas, or at depths that do not allow their economical exploitation. The arid and semi-arid regions overlying these basins, such as the Sahara, Sahel and the Kalahari, still sustain significant populations dependent on rain-fed agriculture and the accessible resources of shallow groundwater. Prior to the onset of the present day arid and semi-arid conditions around 4500 years before present (BP), these regions were much wetter, and sustained populations having access to surface waters occurring as large lakes and perennial rivers (Pachur, 1980; Pachur & Kröplein, 1987; Gasse, 2000) .
The same regions are now under renewed threat from climate change. Signs of modern climate change may have been seen already in the prolonged droughts in the Sahel region, especially since the early 1970s, which led to population migration, famine and the desertification of marginal areas. Yet it is in areas of sub-Saharan Africa, including the Sahel, that some of the most rapid population growth is predicted to occur in the foreseeable future. Compounding the problem are predictions that climate change in coming decades will have the severest impacts on the drier regions of Africa. The extreme event frequency and magnitude, a feature of the monsoon affected semi-arid regions, is likely to increase even with a small increase in temperature and will become greater at higher temperatures. By 2020, it is predicted that between 75 and 250 million people in sub-Saharan Africa could be exposed to increased water stress due to climate change. In some countries, yields from rain-fed agriculture could be reduced by up to 50%. The combined impacts of rapid population growth and more extreme climates are predicted to have a disproportionate effect on Africa (Arnell, 2004) , compounded by the large uncertainties due to the inadequate data for the semi-arid tropics. All these factors have severe consequences for water availability.
The main objective of this paper is to draw attention to the renewability or non-renewability of the groundwater resources in Africa, focusing especially on the Sahara-Sahel region. In this area, the water being used for rapid development is mainly palaeowater, recharged over a geological time scale. Relatively small quantities of renewable water are available, which in turn allow only small-scale activities. The implications of the isotopic and chemical signatures of the water contained in African groundwaters (Edmunds et al., 2004) are considered herein, since they provide clear evidence of the boundaries between the modern (renewable) and palaeowater (nonrenewable) resources and also provide insights into quantities of available renewable resources that might play an important role in the future.
EVIDENCE FOR PAST CLIMATE CHANGE CONTAINED IN DEEP GROUNDWATERS

Background
The geological history of Africa has favoured the creation of large sedimentary basins overlying the Shield, as well as the northern Sahara Platform, containing continental sediments, whilst marine sediments are mainly restricted to the present coastal areas. The largest basins of northern Africa extend to depths in excess of 3 km and these may contain vast quantities of fresh groundwater related to the very pure siliceous lithology, forming the main aquifers of North Africa, and to the continuity of groundwater flow over a geological time scale (Pallas, 1980) . Groundwater flow may also be transgressive across some basins (Pallas & Salem, 2000) . Much of northern Africa is overlain by Quaternary or Recent sands and related unconsolidated sediments. This gives rise to the modern landscape, where regional groundwater discharge areas are emphasized by sebkhats (salt lakes). Large rivers were important features of the Holocene landscape in North Africa (Pachur & Kröpelin, 1987) and these flowed until some 4000 years BP but now are represented by ephemeral wadis. The only major river apart from the Nile, which crosses the semi-arid area of northern Africa, is the Niger. The unconsolidated nature of the surficial Quaternary and Recent sediments in the Sahel is favourable for groundwater recharge, but only where the rainfall exceeds 200 mm year -1 (IAEA, 2001 ). The recharge history of these sedimentary basins may be constructed using a combination of isotopic and chemical tracers. Inert tracers (stable isotopes, δ 18 O, δ 2 H), together with noble gases, NO 3 , Cl and Br/Cl, are the main palaeo-environmental indicators used in groundwater studies and retain different information on the input conditions (Herczeg & Edmunds, 1999) . The importance of these tracers for reconstruction is greatly enhanced if absolute chronometers, such as radiocarbon, are available (Edmunds, 2005) . Indirect evidence of the palaeohydrology in the Late Pleistocene and Holocene may be also deduced from a variety of indicators contained in dated lake sediments (Gasse, 2000) . However, unlike most palaeo-environmental indicators, such as ice cores or tree rings, which contain high-resolution information, data available in large groundwater bodies are of low resolution (typically ±1000 years). This is due to the advection or dispersion of any climatic input signal in the water body. Additionally, many groundwater data are obtained from pumped samples, mixing stratified water of different ages. Even the absence of dated waters over some time interval may indicate periods of drought (Sonntag et al., 1978) . The correlation between groundwater records and aeolian deposition in semi-arid/arid regions can also provide complimentary evidence of past wet and dry intervals (Edmunds et al., , 2004 Swezey, 2001) .
The unsaturated zone may also, under favourable circumstances, contain records of past environment and climate at decadal-to millennial-scale resolution, mainly as variations in salinity and in stable isotope enrichments in percolating waters (Edmunds & Tyler, 2002) . Such records are particularly found in porous media in areas of low moisture flux, notably beneath modern arid or semi-arid areas. The resolution of unsaturated (vadose) zone records will depend on the dispersion of the input chloride signal (Cook et al., 1992) , but decadal-scale records may be retained, as in West Africa, over one or two hundred years (Gaye & Edmunds, 1996) , and even up to the century to millennial scale over the Late Pleistocene in parts of North America (Tyler et al., 1996) .
Evidence for Late Pleistocene and Holocene change contained in major aquifers in northern Africa
The past recharge and palaeoclimate conditions for North Africa have been obtained from published studies of groundwaters containing radiocarbon as well as oxygen and hydrogen stable isotope compositions (Edmunds, 2003; Guendouz et al., 2003; Edmunds et al., 2004) . Due to low resolution, three broad time scales-Modern, Holocene and Late Pleistocene-may be considered. A comparison of three areas-northwest Africa, northeast Africa and the Sahel region of Nigeria, Niger and Cameroun, taken from the wider study and illustrating the northern Africa groundwater evolution-is shown in Figs 1, 2, 3(a) and (b). These results are then compared with the published accounts from southern Africa including the Stampriet aquifer in Namibia.
-The isotopic results from the northwest Africa region (Morocco, Senegal and Mali, Fig. 1) show very similar isotopic compositions (-6 ± 1‰ δ 18 O) across the three time scales. These results indicate that recharge has been constant over the time span of the past 35 000 years BP. Additionally, these isotopic compositions of groundwater are close to those of modern rainfall, indicating consistent rainfall over this period from the Atlantic moisture source. -The results from the central Sahelian region (Fig. 2) show depleted isotopic compositions (around 2‰) for the Late Pleistocene relative to modern rainfall, indicating that rainfall recharge was abundant and derived from an Atlantic source area with some continental modification passing inland amounting to loss of rain with heavier isotopic compositions. There is then an absence of data at the end of the Late Pleistocene, indicating a period of aridity, corresponding to the Last Glacial Maximum (LGM). Late Holocene and Modern groundwaters are of similar composition, indicating limited groundwater recharge from the Atlantic westerly (or monsoonal) source areas. -The data for Late Pleistocene groundwaters from northeastern Africa (Egypt, Libya, Sudan, Fig. 3 ) show significant isotopic depletion, indicating recharge from significant Atlantic rainfall, modified by passing over the present Sahara region. A distinct recharge gap is found at the end of the Late Pleistocene, consistent with a period of aridity at the LGM. The few data for late Holocene and modern time scales denote the scarcity of recharge over the past 5000 years. In Sudan, however, there is an abundance of data for the Holocene, during which there is a shift from depleted isotopic compositions from early to modern times, interpreted to be related to an increased intensity of monsoonal rains. Significant differences in climate and recharge characteristics have thus occurred during the Late Pleistocene and Holocene and the climate regimes were different from the present day . MOD in this and subsequent diagrams refers to Modern era; the Holocene time scale is from the modern era back to 12 000 years BP and Late Pleistocene refers to the period from 12 000 years to the limit of radiocarbon dating (35 000 years). ( Edmunds et al., 2004 ). An overall trend is found in the δ 18 O composition of Late Pleistocene palaeowater in northern Africa, from west to east, from around -6‰ to -10.5‰, first observed by Sonntag et al. (1978) . This describes an overall continental effect with evolution of an Atlantic moisture source moving from west to east. The former widespread extent of these rains recorded in groundwaters beneath the present Sahara points to the shift of the Atlantic jet stream well to the south during most of the Late Pleistocene, as well as a weakening of the southwest monsoon. The more enriched isotopic signatures of groundwaters in the central region, compared with waters to the north, suggests that, during part of the Late Pleistocene, monsoon rains derived from the Gulf of Guinea still prevailed south of 16°N. In Senegal, the similarities of the groundwater isotopic compositions reflect the continuity of the maritime influence but with recharge derived from the southwest monsoon activity of variable strength.
HOLOCENE LATE PLEISTOCENE MOD
Late Pleistocene palaeowaters of northeast Africa show trends on a north-to-south basis, seen most clearly in the groundwaters in Libya and Egypt (Fig. 3(a) ). All these waters are also isotopically much lighter than in western Africa. Groundwater in the Kufra basin (Nubian Sandstone) is isotopically the lightest in northern Africa (-11.5‰); this compares with the Sirte basin to the north, where the palaeowaters are some 3‰ more enriched in δ 18 O (Edmunds & Wright, 1979) . Groundwaters from the Egyptian oases also show distinctive compositions (Thorweihe, 1982) , lying within the range -10 to -11‰. Thus, each sedimentary basin seems to have a distinctive composition, which supports the likelihood of local evolution of groundwater, forming at the eastern extreme of the evolution of the Atlantic air mass source, rather than long-distance groundwater flow. The effects of isotopically light runoff from the central Saharan mountains may also have contributed to groundwater compositions.
A gap in the record exists in most of the data sets for groundwaters with 14 C of approx. 5-15 pmc (percent modern carbon). This was first noticed for the north African 14 C data sets by Geyh & Jäkel (1974) , and demonstrated for groundwaters by Sonntag et al. (1978 Sonntag et al. ( , 1980 and in subsequent studies (e.g. Guendouz et al., 2003; Edmunds et al., 2004) . This is interpreted as an arid interlude, coinciding with the LGM in Europe.
Holocene groundwaters show markedly different properties across the continent, in relation to those from the Late Pleistocene, as well as trends during the Holocene. In Morocco, the Holocene groundwaters are isotopically lighter (around 1-2‰ in δ 18 O) relative to those from humid periods of the Late Pleistocene. This may be explained by the maritime situation both in Morocco and in Europe (Portugal), where the influence of the Atlantic moisture (and changing sea-surface temperature) is felt directly Edmunds et al., (2004) . The small isotopic enrichment during the Late Pleistocene may be the result of the change in the ocean composition due to the lighter isotopes being enriched in the ice caps. This is the only noticeable effect over the past 30 000 years in the coastal areas; the otherwise similar isotope compositions suggest the constancy of the westerly Atlantic air masses, and the south westerly monsoons (which varied in intensity), over the whole period.
Elsewhere in northern Africa, modern and most Holocene groundwaters have isotopic compositions that are significantly enriched relative to the Late Pleistocene pluvial periods. However, the compositions of Early Holocene groundwaters are depleted when compared to the modern rains. The Holocene, on the basis of extensive evidence from other proxy data, was a period with short (millennial-scale) duration, but intense wet phases, from 11 400 to 5400 years BP (Gasse, 2000) , prior to the desiccation that led to the present-day conditions commencing around 4 500 years BP. The groundwater isotopic compositions, especially from Sudan, therefore corroborate the greater intensity of the rainfall in the early Holocene, due to a greater strength and northward movement of the African monsoon.
Late Pleistocene and Holocene recharge and climate change evidence contained in major aquifers in southern Africa
The results from northern Africa can be compared with those from the semi-arid regions of southern Africa, and, in particular, the Karoo sequence typified by the Stampriet (Aoub) aquifer of Namibia and the Uitenhage artesian aquifer near to the southern coast of South Africa (Heaton et al., 1986; Stute & Talma, 1998) .
The different patterns exhibited by the δ 18 O in these two aquifers are rather striking. The Uitenhage aquifer conforms to the typical depleted δ
18 O values for groundwater recharged during glacial times, although the depletion is only around 1‰ compared with some of the much larger separations seen in the continental aquifers in northern Africa, as described earlier. In the Stampriet aquifer, however, there is an enrichment of around 1.3‰ during the LGM. This pattern is explained (Stute & Talma, 1998 ) by a dominance of Atlantic moisture during the LGM. The southern African results compare well with those from West Africa and also with trends observed from Europe (Loosli et al., 2001; Edmunds, 2005) , indicating complimentary climate impacts on recharge in both hemispheres.
Palaeotemperatures measured from noble gases
The continental climatic changes and cooling are confirmed by the noble gas recharge temperature (NGRT) evidence from several areas of Africa and surrounding regions (Edmunds et al., 2004) . Temperature differences have been calculated relative to the mean annual ground temperature, as represented by present-day near-surface groundwater temperatures. It is found that the average global cooling at, and immediately prior to, the last glacial maximum (samples measured over the range approx. 30-20 thousand years BP) was between 5 and 6°C. However, there is evidence from continental areas such as northern Nigeria, as well as Niger , that the cooling was 1-2°C more intense (6-7°C).
The Late Pleistocene and Holocene palaeotemperatures are consistent with palaeogroundwater archives in Europe Edmunds, 2004) , where significant replenishment of aquifers took place during the pluvial periods and where general cooling of around 5-6°C is recorded in the NGRT. In continental Europe, an absence of dated groundwaters during the period approx. 10-18 thousand years BP correlates with a recharge gap corresponding to permafrost cover (rather than aridity as seen in Africa) ahead of the continental ice sheet.
However, in Morocco, the evidence of dated groundwaters, through the period of maximum cooling and with a lack of any stable isotope depletion, denotes the continuity of recharge in coastal regions (Kabbaj et al., 1978) . Evidence of cooling is preserved in the NGRTs, indicating the constancy of the Atlantic air mass circulation at medium latitudes over the whole of the Late Pleistocene and Holocene for the maritime coastal areas. The evidence from southern Africa (Stute & Talma, 1998 ) also shows similar characteristics in the Stampriet aquifer, as for example in Portugal (Carreira et al., 1996) and Morocco, consistent with an Atlantic source of moisture and with a consistent amount of global cooling. However, the Uitenhage aquifer shows more evidence of continentality, and the absence of radiocarbon data for a period of some 5000 years may reflect a degree of aridity, as seen in areas of northern Africa, further from the Atlantic source of moisture.
Evidence for modern recharge
Evidence for present-day recharge is derived both from the chemical and isotopic signatures. Records from unsaturated zone profiles have been carried out in the Sahel region Gaye & Edmunds, 1996) , as well as in Botswana (Beekman et al., 1997; de Vries et al., 2000) , and reviewed in a global context (Scanlon et al., 2006) . These studies use the chloride mass balance to quantify recharge rates, knowing the composition of chloride in the modern rainfall, rainfall amounts and also the mean (steady-state) concentrations of chloride in the unsaturated zone moisture. Under favourable conditions, where fairly homogeneous unsaturated sediments occur, the chemical and isotopic data can also be used to follow recharge (and climate) history at the decadal scale (Cook et al., 1992) , which may be validated by instrumental records of rainfall patterns over the past 100-130 years. Whilst it has been possible to achieve this in northern Africa, it has proved difficult in much of southern Africa, since the presence of hard grounds and calcretes has caused dispersion of the recharge signal and also led to some degree of by-pass flow, rather than the homogeneous piston flow demonstrated in the Sahel region.
A good example of the evidence for modern recharge is shown (Fig. 4) by records from Louga, Senegal (Gaye & Edmunds, 1996) . Here, a record of several decades is preserved in the unsaturated Quaternary sands, where the mean annual recharge is found to be 34 mm year -1 . The record of the prolonged Sahel drought of the 1970s and 1980s is also reflected in the higher Cl in the interstitial moisture as well as in the enriched (more positive) stable isotope signals. The time scale is then confirmed by tritium, which provides a well-defined maximum corresponding to the 1963 peak in thermonuclear testing, also confirming the homogeneous (piston flow) movement in the profile. Six profiles in this area of Senegal (Edmunds & Gaye, 1997) , with a mean rainfall of 290 mm rainfall, gave an average recharge of 15.5 mm (range 4.6-34.4 mm). Estimates of the spatial variability may then be extrapolated regionally in shallow groundwaters with additional data on the chloride mass balance.
From the various studies across Africa it is found that modern diffuse recharge is likely to be insignificant, where the mean annual rainfall is below 200 mm year -1 . This is confirmed from studies worldwide (IAEA, 2001; Scanlon et al., 2006) . However, focused recharge may occur at the present day, along wadi lines and other favourable locations, during intense rainfall events in more arid regions with less than 200 mm year -1 . , a decade-scale recharge of 34 mm year -1 is indicated. Tritium and stable isotope data support this time scale and qualitatively support the conclusions.
IMPACTS ON WATER RESOURCES
In present times, groundwater forms the primary drinking water source in the arid and semi-arid regions of Africa, since river flows are unreliable and the few large freshwater lakes, such as Lake Chad, are in decline. Water availability has changed dramatically over the past few decades, especially through the introduction of submersible pumps and the widespread drilling of deep aquifers in the sedimentary basins. This has led to the ready availability of shallow groundwater resources, as well as deeper confined groundwater, in the large sedimentary basins. Exploitation of artesian resources beneath areas where local people relied on rain-fed agriculture, and where deep groundwater was unknown half a century ago, as well as in traditional discharge areas such as the oases, has resulted in significant draw-downs of water tables and consequent loss and damage of ecosystems.
Results discussed here indicate the widespread lack of any significant aquifer renewal in modern times. There is a clear indication, from the geochemical and isotopic records, that emplacement of groundwater across most arid and semi-arid Africa in areas and at depths accessible for exploitation, has taken place on a geological time scale, with turnover times of tens of thousands of years, corresponding mainly to the much wetter climates over the Late Pleistocene. Following periods of aridity in more continental areas, significant recharge took place also during the pluvial periods of the Early and Mid-Holocene and water of this generation can be identified at shallow depths overlying older waters. This can be shown for Libya, where recharge along lines of formerly flowing wadis still is preserved as linear water bodies (Edmunds & Wright, 1979) , for Niger, where it is related to flooding of the Niger River northwards into the Azaouad depression (Fontes et al., 1991) and for Sudan, where there is evidence of recharge to the phreatic aquifer during the heavier monsoon rains of the Holocene Edmunds, 2003) .
In many parts of Africa, expectations have been raised, in a generation or so, of the availability of plentiful groundwater; yet, in practice, continuously falling water levels testify to an overdevelopment or a mining of the non-renewable resource. This in turn implies an inadequate scientific understanding of the resource, the failure of scientists to convey the nature of new discoveries, or lack of societal and political awareness to act on the scientific evidence. In addition to the issues related to quantity, quality issues, especially in shallow environments, exacerbate the situation. This is because the natural groundwater regime, established over long time scales and climates, has developed chemical (and age) stratification. Drilling cuts through the natural quality layering, and abstraction from boreholes may lead to deterioration in water quality with time as water is drawn either from low transmissivity strata, or is drawn down from the near-surface, where saline waters may have accumulated, especially during the aridification of the past 4500 years.
Recharge to aquifers in the semi-arid regions of Africa during the modern era can also be confirmed using chloride mass balance and other indicators, such as tritium. The available data demonstrate that, in areas with more than 200 mm mean annual rainfall, and with favourable geology, a sustainable resource may be available. As discussed above, in Senegal, an area with an average of 290 mm rainfall has a mean spatial average of 15.5 mm recharge. In low-rainfall areas and in areas unfavourable for diffuse recharge, focused recharge may also occur at the present day, forming important linear groundwater bodies.
The results of the scientific studies of groundwater in Africa are very consistent and have clear implications. Where waters are found to be non-renewable, realistic strategies for conservation and managing resource depletion need to be developed. These may be itemized as follows: -Drilling of new boreholes and issuing of licenses need to be strictly controlled and amounts that may be abstracted need to be enforced. -Wastage of the resource through leakage (e.g. corroded artesian wells) or poor head works needs to be controlled. This is a serious problem in certain areas; it is exemplified by the Chad basin aquifers as described for northern Nigeria ). -Raising awareness of the finite nature of the resources recharged under past and more favourable climates through awareness raising and educational campaigns and the involvement of all stakeholders in the process of decision making. -Ecosystems are particularly vulnerable to excessive abstractions of groundwaters in semi-arid regions and sensitive regions need identification and protection (e.g. oasis margins). -Progressive reduction in yields from existing boreholes should be made as alternatives are considered and implemented. -Palaeogroundwater resources should be considered only as emergency reserves, which may be used in a process of adaptation to new scenarios (e.g. surface water storage, rainwater harvesting or (solar) desalination) coupled with major policy shifts. Those areas with favourable terrain and rainfall, where renewable resources may be found, need to be identified and evaluated using point source and spatial geochemical methods (especially chloride mass balance) and verified using isotopic evidence. Their resource characteristics need then to be fully evaluated using standard hydrogeological methods, leading to accurate water balances and inventories. Several factors need to be considered: -Natural vegetation usage of soil water needs consideration, since this will compete with recharge to aquifers. Land clearance and/or planting and their effects on aquifer recharge must be taken into account and evaluated in the regional analysis. -Improved dryland farming (as traditionally practiced in most semi-arid areas) is to be encouraged, with diversification into small-scale irrigation for market gardens using water efficient methods. -Water quality deterioration may accompany environmental change. Thus, dryland development-converting rangeland to pasture-may lead to salinity releases, as seen most notably in Australia (Allison et al., 1990 ). -High nitrate is also a special issue of the Sahel region, where natural N-fixing vegetation can lead to drainage of high nitrate concentrations to groundwaters (Edmunds & Gaye, 1997) . This has occurred under natural conditions over past millennia and is a widespread problem, maintained by the presence of aerobic groundwater conditions. Climate change is likely to have significant impacts on the availability of the small quantities of recharge. It is seen from the unsaturated zone records, however, that longer periods of drought are buffered to some extent in the recharge process (Fig. 4) . Land-atmosphere models that incorporate dynamic vegetation can be used to provide real-time estimates of groundwater recharge and projections of future recharge in response to different climate and land-use/land cover change scenarios (Scanlon et al., 2006) .
SUMMARY AND DISCUSSION
From studies conducted during the past 30 years, or more, there is now an excellent database demonstrating groundwater occurrence and recharge in semi-arid and arid regions of Africa. For many areas, however, the detailed geological and hydrogeological records are still sparse and geochemical information (notably the chloride mass balance) provides reliable and readily obtainable evidence for assessing the recharge conditions, groundwater movement and the renewability or non-renewability of the water resources. The results from unsaturated zone profiles provide reliable long-term records of the sensitivity of groundwater recharge to climate change.
Groundwaters of known age, contained in major aquifer systems in the African sedimentary basins, are of specific value in determining low-resolution (±1000 years) characteristics of past climates, specifically palaeotemperature, air mass origins, humid/arid transitions and rainfall intensity. Results from northern Africa indicate the predominance of a westerly Atlantic air flow during the Late Pleistocene; in North Africa, as the moisture moved east, the recharge was characterized by a continental effect of about 4.5‰ δ 18 O. Greater aridity is recorded by the absence of dated groundwaters over most of northern Africa during the LGM. An intensification of the African monsoon during the Early Holocene is apparent from isotopically light groundwaters found especially over Sudan. Maximum cooling around the LGM of 5-7°C is recorded in the noble gas recharge temperatures from Africa. Evidence from North African groundwaters is matched by complementary data from northern Europe, where a recharge gap is found corresponding to permafrost conditions. Similar patterns of recharge in the southern hemisphere are also found to those in the north of the continent, where the influence of Atlantic westerly air masses provided continuous recharge during the Late Pleistocene and Holocene, yet the south coast of Africa shows, to some extent, a continental effect, away from the west coast influence.
Groundwater development across the arid and semi-arid regions of Africa must be based on the knowledge that much of the resource is non-renewable. In many parts of Africa, expectations have been raised, in a generation or so, of the availability of plentiful groundwater; yet, in practice, continuously falling water levels testify to an over-development or a mining of the non-renewable resource. This is clear in many sedimentary basins from the falling water tables and declining artesian pressures, as well as the geochemical evidence reviewed here. This presents clear challenges for adaptation and improved management of the scarce resource, as well as opportunities to use the finite, if small, quantities of renewable modern groundwaters in a sustainable manner. Awareness of the low renewable quantities may also spur action on rainwater harvesting and traditional approaches for supplementary resources. Technological advances offer limited solutions in much of semi-arid Africa, where the emphasis is on optimizing the available small quantities. Sustainable use of shallow groundwaters is important in stabilising rural communities and avoiding migration to cities. However, small-scale technologies (e.g. solar desalination in areas where salinity problems exist) offer distinct opportunities in the arid and semi-arid parts of Africa for avoiding the use of fossil fuels. Small-scale technologies are also important in regard to hygiene and sanitation, ensuring that generally high-purity groundwater remains safe to drink. In sub-Saharan Africa, the further evaluation of the resources and their sustainability measured under present monsoonal conditions, with their inherent unpredictability, needs to be followed in coming years where even greater extremes may be imposed under changing climates.
